In this letter, we provide an asymptotic error rate performance evaluation of space-time block codes from coordinate interleaved orthogonal designs (STBCs-CIODs), especially in shadowed Rayleigh fading channels. By evaluating a simplified probability density function (PDF) of Rayleigh and Rayleigh-lognormal channels affecting the STBC-CIOD system, we derive an accurate closed-form approximation for the tight upper and lower bounds on the symbol error rate (SER). We show that shadowing asymptotically affects coding gain only, and conclude that an increase in diversity order under shadowing causes slower convergence to asymptotic bound due to the relatively larger loss of coding gain. By comparing the derived formulas and Monte-Carlo simulations, we validate the accuracy of the theoretical results. key words: space-time block codes (STBCs), coordinate interleaved orthogonal designs (CIODs), Rayleigh fading, lognormal shadowing, symbol error rate (SER) 
Introduction
Recently, space-time block codes obtained from coordinate interleaved orthogonal designs (STBCs-CIODs) have attracted considerable attention owing to their full-diversity full-rate transmission and single-symbol decodability for systems employing more than two transmit antennas and complex signal constellations [1] , [2] . As such, comprehensive performance evaluations for STBCs-CIODs over Nakagami-m fading channels were presented in [3] . In [4] , the generalized error rate performance analysis of STBCsCIODs in shadowed Rayleigh fading channel environments was also provided. However, exact loss of performance gain by shadowing is rather difficult to acquire in the asymptotic sense, especially when shadowing variance is large. Therefore, considering the shadowing effect, we aim at deriving simple approximate closed-form expressions for asymptotic upper and lower bounds on the symbol error rate (SER) of STBCs-CIODs in this letter.
In addition, we show the validity of generalized asymp- totic analysis to probability density function (PDF) of signal-to-noise ratio (SNR) characterized by a sum of two gamma distributions along with shadowing effect. The results reveal that shadowing asymptotically affects coding gain only, leading to the conclusion that when achieving full-diversity, an increase in diversity order under shadowing just causes slower convergence to asymptotic bounds due to relatively larger loss of coding gain.
System Description

System Model
We consider a multiple-input multiple-output (MIMO) wireless system with N T transmit antennas and N R receive antennas in quasi-static frequency non-selective i.i.d. Rayleigh fading channel with shadowing effect. The space-time encoder at the transmitter generates matrix S = {s t j ; 1 ≤ t ≤ T, 1 ≤ j ≤ N T } of size T × N T , where the entry s t j is the symbol transmitted from the j-th antenna at time t. Note that E{tr(S H S)} = 1, where E{·}, tr(·), and (·) H denote statistical expectation, the trace of a matrix, and Hermitian operation, respectively. Then, the received signal within a codeword duration T can be expressed in matrix form as
where (·) T denotes the transpose operation, 
Coordinate Interleaved Orthogonal Design Encoder
Let Θ(s, ...,s K/2 ) and Θ(s K/2+1 , ...,s K ) be two different but same-structured generalized linear complex orthogonal designs (GLCODs) of the same size T/2 × N T /2 having the same code rate R c = K/T , wheres = {s i } + j {s i+K/2 K }, i = 1, ..., K are coordinate interleaved variables of complex variables s i [2] . Note that {α} and {α} denote the real and imaginary part of complex number α, respectively, and a K stands for a mod K with the slight
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where 0 T/2×N T /2 denotes the T/2×N T /2 all-zero matrix. This codeword structure allows full-diversity by exploiting the signal space diversity of the transmitted symbol s i from a phase-rotated square lattice constellationÃ [2] , [3] .
Asymptotic Analysis of STBCs-CIODs in Composite Shadowed Fading Channels
In this section, we derive the composite Rayleigh-lognormal channel PDF for STBCs-CIODs. If we assume the channelH be an i.i.d. Rayleigh MIMO channel with shadowing gain, the effective channel matrix can be modeled by [4] 
where g is a lognormal random variable and H denotes the N R × N T complex channel matrix whose components are assumed to be i.i.d. zero mean circularly complex Gaussian variables with variance 1 2 per real component. It is also assumed that the shadowing random variable g equally affects all elements of H, while it is independent of H [4] . Given X, a random variable with mean μ and variance σ 2 x , the slow fading effect contributed by g = e X is represented as a lognormal random variable (i.e., ln g ∼ N(0, σ 2 x )). Setting e ln(10)X/10 = 10 X/10 , the PDF of the power variation measured in dB is denoted by [4] 
Due to the structural decomposition into an equivalent Gaussian single-input single-output channel gain, the SNR of STBCs-CIODs has a distribution f W (w) that can be described by a summation of two Gamma random variables Y 1 and Y 2 , where
denotes the Gamma distribution, where p and q represent a scale parameter and a shape parameter, respectively, and the average SNR is defined as ρ = E s /σ Then, the distribution of the summation W = Y 1 + Y 2 under Rayleigh fading channel can be represented as [3] 
where pre-determined constants are given as
is the Pochhammer symbol of rising sequential product, and Γ(·) denotes the Gamma function [5] . Combining (4) and (5) yields the Rayleigh-lognormal composite PDF for STBCs-CIODs as
ln 10 √ 2πσ
As mentioned in (3), the PDF f G (g) of shadowing random variable g with μ = 0 is independent of f W (w). With a change of variables, y 2 = (10 log 10 g)
, therefore, we obtain
where L is the number of sample points to used for the Gauss-quadrature approximation. The 
By applying the Maclaurin series expansion technique to (8) , we obtain the following approximate single polynomial form as [6] - [8] 
where > 0. Although the approximation of f Z (z) with a discrete integral form may be a subject to erroneous analysis, we show in the numerical result section that it is still accurate enough to present some performance bounds. We obtain the following approximate symbol pairwise Table 1 Parameters α and t for common types of fading.
Fading type t a
Rayleigh
where G c and G d are referred to as the coding gain and the diversity order, respectively, and η = 2 is a positive fixed constant. Finally, symbol error rate (SER) P s for STBCsCIODs is bounded by [3] 
where we note that the upper bound covers various pairwise symbol error cases in contrast to the lower bound. Such accounts for the gap between upper and lower bounds, which will be demonstrated in Sect. 4. The diversity order and coding gain under Rayleighlognormal channel are listed in Table 1 . Here, we define some modified constants φ = ρφ, v 1, j = ρ k v 1, j , and v 2, j = ρ k v 2, j to separate average SNR ρ from coding gain G c . One noticeable fact on parameter a is that it can be expressed as a product of two independent terms. One term represents the shadowing term and the other term matters with the code structure of STBCs. In other words, if we set the shadowing part
aside, we obtain the coding gain for the STBC-CIOD in a pure Rayleigh fading channel condition, designated as G S T BC .
In sum, shadowing gain G s , as a part of overall coding gain G c = G s · G S T BC , can be expressed as [6] 
where η = 2. Consequently, we observe how shadowing affects the required SNR to meet the diversity order t.
Numerical Results
In this section, we present some numerical results to validate the accuracy of our analysis given in the previous section. The following are generated from ensemble of 10 10 channel realizations using N T = 2, 4 and N R = 1. We consider coherent M-ary QAM constellations with rotated angle
[2]. Figures 1 and 2 show the asymptotic SER upper and lower bounds plotted along with the simulation results found in [4] . For the Rayleigh-lognormal composite shadowed fading channel case, asymptotic bounds corresponding to shadowing level σ x are presented. The derived asymptotic bounds seem to show an excellent match to the simulated results at high SNR regions. From the figures, we can clearly see how shadowing affects the bounds. An overall right-shift of SNR as well as a loss in coding gain are observed for acquiring the expected diversity order. We can also observe that shadowing variance σ x causes higher SNR loss for the STBC-CIOD system designed for higher diversity order.
We note that the derived SER bounds are useful for very low SER cases in general. Although some simulation curves do not seem to converge for the N T = 4 and N R = 1 case in Fig. 2 , we verified that it eventually reaches to the upper bound.
Conclusions
A simple closed-form expression for the asymptotic SER of symmetric STBCs-CIODs in a shadowed fading channel was derived. The derived asymptotic bounds are useful for predicting the expected SNR for meeting the diversity order and relative loss of coding gain under shadowing parameter σ x in Rayleigh-lognormal composite fading channels.
